Unreinforced masonry (URM) walls at a decommissioned building in St. Louis, Missouri were tested to failure. The walls belonging to the present experimental program were subjected to out-of-plane loading. Previous work on URM and reinforced masonry walls strengthened with FRP laminates has shown remarkable increases in capacity and ductility. However, most of this research has been conducted under laboratory conditions, where, many times, it is a difficult task to represent real field conditions. In this context, this experimental program offered a singular opportunity for performing field experimentation on URM walls strengthened with Glass, Aramid and Carbon Fiber Reinforced Polymers (GFRP, AFRP and CFRP, respectively), as well as Glass Near Surface Mounted Rods. Parameters such as the type of composite system, strip width, and FRP installation methods were evaluated. A mechanism of failure caused by a shear-compression effect lead to the fracture of either the upper or lower boundary masonry units. Due to this failure mode, the walls were not able to develop a higher capacity compared to the control specimen.
INTRODUCTION
Failure of masonry structures can be caused by structural weakness or overloading, dynamic vibrations, settlement, and in-plane and out-of-plane deformations. While most of the research conducted on the use of Fiber Reinforced Polymer (FRP) composites has been focused on the retrofitting and repairing of reinforced concrete (RC), current literature on masonry indicates that each of these causes can be prevented and lessen by using FRP composites. In previous works dealing with the use of FRP laminates, variables such as loading configurations/mechanisms, strengthening schemes, and anchorage systems have been evaluated (Hartley, Mullins and Sen, 1996; Schweler and Kelterborn, 1996; Velazquez, 1998) .
Unreinforced masonry (URM) walls can be either load bearing or nonload bearing (infill) walls, mainly constructed with solid and hollow clay brick. Due to weak anchorage to adjacent concrete members (load bearing walls); or due to the absence of anchorage (infill walls), these walls may fail and collapse under out-of-plane loads generated by seismic forces. In URM walls, failure due to out-of-plane bending causes the majority of the material damages and loss of human life (TMS, 1994) . Therefore, the development of effective strengthening techniques needs to be addressed.
Without underlining the importance of a lower installation cost the use of FRP composites, made of carbon, glass and aramid fibers, possesses some advantages compared to traditional retrofitting methods. As an example, the disturbance of the occupants of the facility is minimal and there is no loss of valuable space. In addition, from the structural point of view, the dynamic properties of the structure remain unchanging because there is no addition of weight and stiffness. Any alteration to the aforementioned properties would lead to increases in seismic forces.
A field evaluation of URM walls strengthened with FRP composites was performed at the Old City Hospital complex in St. Louis, Missouri, which has been decommissioned and scheduled for demolition. Before the demolition takes place, one of the buildings within the complex, the Malcolm Bliss Hospital, was selected as a research test bed. The building of interest, a five-story reinforced concrete frame addition built in 1964, offered a unique opportunity for performing field experimentation on masonry walls strengthened with Glass, Aramid, and Carbon Fiber Reinforced Polymers (GFRP, AFRP and CFRP, respectively), as well as Glass Rods.
EXPERIMENTAL PROGRAM
Test Specimens. Seven URM walls, constructed of clay units, were tested. The nominal dimensions of these walls were 2.4 x 2.4-m. (8 x 8-ft); their overall thickness, including the two wythes was 33-cm (13-in). The upper and lower boundaries for these walls were RC beams which were cast integrally with the floor system. The test walls, classified as infill, belong to a masonry typology commonly used during a time frame from the post-war years through the early 1960's. A section view of a typical wall is illustrated in Figure 1 .
The walls under investigation consisted of two wythes of masonry units spaced at 2-cm (0.75-in.), joined by header units placed at each fourth course, and at each fourth unit in the course in mention. The outer wythe, corresponding to the veneer wall, was built using cored units with the following actual dimensions: 9.5-cm (3.75-in.) wide, 5.7-cm (2.25-in.) high and 20-cm (8-in.) long; the units had three cores of 3.75-cm (1.5-in.) diameter. The inner wythe or backup wall was primarily constructed using tile units. The actual dimensions of the tile units were 18.75-cm (7.5-in.) wide, 18.75-cm (7.5-in.) high by 30-cm (12-in.) long. Bricks were laid where brick headers were constructed. Their dimensions were 10.6-cm (4.25-in.) wide, 5.6-cm (2.25-in.) high and 21. 25-cm (8.5-in.) long (see Figure 1) . The walls were finished with one-inch thick cementitious plaster, having a two-directional welded steel mesh at mid-depth. The welded steel mesh was provided to help control shrinkage of the cementitious plaster.
Two URM walls, designated as Wall 1 and Wall 2, were used as control specimens. In Wall 1 the plaster remained on its surface; whereas, in Wall 2 the plaster was removed to differentiate the impact of the cementitious plaster. The remaining specimens were strengthened with different composite materials, namely GFRP, AFRP, CFRP and deformed glass rods. Thus, Wall 3 was strengthened with three 50-cm (20-in.) wide GFRP strips attached to the plaster surface. The strengthening scheme for Wall 4 was similar to that of Wall 3, except that the GFRP strips were applied directly to the masonry, meaning without the presence of plaster. The purpose of testing this group of walls was to observe the difference in behavior, if any, in walls strengthened with FRP attached to plaster and to masonry under out-of-plane loading. One of the advantages of using composite materials is that little disruption is caused during its installation. That was the purpose of studying the behavior of walls strengthened without the removal of plaster. Thus, in the remaining walls the strengthening was carried out with the presence of plaster.
In Wall 5 and Wall 6 the strengthening geometry was similar to Wall 3. In the first case the URM wall was strengthened with AFRP; whereas, in the latter case CFRP was used as the strengthening material.
The fact that the anchorage of near-surface-mounted rods into adjacent RC members (i.e. slabs, columns and beams) is a feasible task, makes attractive their use for increasing the flexural strength of masonry walls. In that sense, Wall 7 was strengthened with eight #3 glass rods spaced at 30-cm (12-in.) o.c. A summary of the experimental program is documented in Table 1 . Materials Characterization. One inherent difficulty when conducting a testing program in situ is to characterize the materials. In order to attain this task, samples obtained from similar walls in the building were collected. These samples included bricks, tiles, and mortar. Due to their brittle characteristic, it was not possible to recover any masonry assemblage from the interior wall. However, in the case of the veneer wall some assemblages consisting of two courses of bricks were attained for laboratory analysis. The compressive strength of these assemblages was 9.0 MPa (1300 psi). The compressive strength of the inner wall bricks was 1.83 MPa (266 psi), whereas the compressive strength of the mortar was 5.61 MPa (814 psi). It is important to mention that the latter value was not obtained from standard tests, but from cylinder shaped mortar entrapped in the cores of the brick veneer. Using the average compressive strength, the mortar can be classified as Type N according to the ASTM C270. As will be discussed later, a controlling factor in the overall behavior was the fracture of tile units. This type of tile unit, very common up to the 1960's, is no longer manufactured. To determine their carrying capacity, the tiles were subjected to diagonal tests (see Figure 2 ), which were intended to represent their loading condition during the tests. An ultimate diagonal compressive load of 48 kg/cm (268 lb/in) was registered.
Test Setup. The masonry walls were tested under two out-of-plane loads, which were distributed by 30 x 30 x 1.25-cm (12 x 12 x ½-in.) steel plates to the external face of the wall. The loads were generated by means of a hydraulic jack using a manual pump. The force created by this jack reacted against a five foot steel girder composed of two C10x20, hereafter called Beam A, and an 11 foot steel girder composed of two C15x40, hereafter referred as Beam B. When loading, two reacting forces were created on Beam A. These forces were transmitted to the masonry wall using two high strength rods, which through of the steel plates pulled the wall from its exterior face. On the reaction side, the force generated by the hydraulic jack reacted against Beam B, which transmitted the load to the upper and lower RC beams, and floor system. Beam B erected into place using an electric hoist located at the roof level. The hoist was restrained by a steel frame located on the roof of the building. In this manner Beam B could be raised or lowered, depending on what wall was being tested (see Figure 3) . A schematic representation of the test rationale is illustrated in Figure 4 . A representative test wall with instrumentation is presented in Figure 5 .
TEST RESULTS
For most of the test walls, the first visible crack was observed running above the central brick course, along the bed joint. Following this, horizontal cracks formed at a quarter height measured from the top or bottom of the wall.
Once the peak load was reached the load decreased abruptly. A mechanism of failure caused by a shear-compression effect lead to the fracture of clay tiles located either at the top or bottom region of the wall. Due to this progressive mode of failure, the walls were not able to develop a higher capacity compared to the control specimen.
As illustrated in Figure 6 , control Wall 1, with plaster, demonstrated a capacity 25% larger than that found in Control Wall 2, without plaster. Furthermore, a substantial difference in the stiffness K (K α EI) was observed. This difference is attributed to an increment in the overall moment of inertia of the wall due to the additional inch of the plaster thickness. It is also observed in Figure 6 that externally bonded FRP sheets do not perform satisfactorily when they are attached to the plaster surface. This can be concluded from the corresponding tests performed on Wall 1 and Wall 3 where no increment in capacity was observed. In contrast, when the FRP was bonded directly to the masonry after removal of the plaster, an increase of 40% in capacity was observed when comparing Wall 4 to the Control Wall 2. The aforementioned increment in capacity is attributed to a better engagement of the FRP sheets to the surface at high levels of out-of-plane bending. This behavior is corroborated in Figure 7 , where for a load above 60 kN (13.5 kips), the developed strains in the FRP sheets attached to Wall 4 are approximately two times those of Wall 3.
As observed in Figure 8 , Wall 7 resulted in a lower capacity than the Control Wall 1 at mid-height deflections over 15-mm (0.59-in) . This was attributed to a weakening of the masonry units during the installation of the rods. The FRP rods were mounted into slots grooved on the masonry surface using a grinder and chisel. It was concluded that this installation technique resulted in damage to the masonry clay tiles on a local level, which affected the overall performance of the system. Figure 8 illustrates the observed increment in stiffness, from smaller to larger, respectively, when GFRP, AFRP, and CFRP sheets were used. The higher capacity of Wall 7 compared to the other walls is not statistically significant since its value is within the variability of the capacity values and because the fracture of tiles is controlling its behavior.
During the tests, it was observed that the employment of FRP sheets delayed the presence of the first visible cracks, and also, that the crack widths were reduced. In addition, the walls exhibited a higher level of rotation in the zone where the main fracture occurred. Their values were small in nature, averaging 0.25 o , but they produced angular distortion, which was critical for masonry units composed of thin walls (such as the clay tiles used in this masonry system). The angular distortion along with a shear-compression combination effect resulted in the fracture of the units located either at the top or base of the wall. In general, larger rotations were accompanied by larger displacements at that zone due to either the initiation of plaster delamination or spalling of the tile shell, caused by the fracture of the tiles. These high relative rotations are illustrated in Figure 9 for Wall 6. In this case fracture of tiles was observed at the top of the wall. Figure 10 illustrates the delamination of plaster caused by the fracture of adjacent tiles.
MECHANISM OF FAILURE
The failure of the URM walls was caused by the fracture of the tile units at the uppermost or bottommost courses. Figure 10 illustrates the fundamental failure of the uppermost tiles in Wall 6. The fracture of these tiles was caused by angular distortion due to out-of-plane rotation by a force generated by a shearcompression combination effect. Flexural cracking occurred at the supports due to the negative moment followed by flexural cracking at mid-height due to the positive moment. As a result a three-hinged arch was formed. When the deflection increased due to out-of-plane bending, the wall was restrained against the supports, at the upper and lower boundaries. This action induced an in-plane compressive force (F V in Figure 11 ), which accompanied by the shear force (F H in Figure 11 ) in the support created a resultant force that caused the fracture of the tile (F R in Figure 11 ). It is important to mention that normally failure caused by arching action is associated with the crushing of the mortar joint; however, due to the characteristics of the tile and its placement with the holes horizontally oriented, the failure here was associated with the tiles. Once the fracture of the tiles was initiated, the adjacent plaster layer began to delaminate from the masonry surface. At this stage, since the FRP attached to the plaster surface was unable to engage the flexural cracks, the wall capacity degraded. In contrast, where the externally bonded FRP strips were attached directly to the masonry (Wall 4), the FRP sheets were able to engage the flexural cracks running through the bed joints. Consequently, the overall capacity of this wall was improved, but the resultant mechanism of failure was the same.
CONCLUSIONS
The singular opportunity of testing URM Walls at the Malcolm Bliss Hospital allowed to identify a mechanism of failure that is not commonly observed in tests performed in a laboratory environment, where simply supported boundary conditions are considered. This mechanism of failure is not usually considered in the quantification of upgraded wall capacities, which can dangerously lead to overestimate the wall response during a seismic event.
In addition, it was observed that the wall where the FRP was applied on the tile surface, after the removal of plaster, exhibited a better performance than its counterpart, strengthened without the removal of plaster.
The use of near-surface-mounted rods is attractive since the removal of plaster is not required; however, due to the technique used for their installation, their use may be limited for strengthening of walls built of solid brick units or grouted concrete walls.
In order to fully realize the benefits of the use of FRP composites, the strengthening techniques should address the boundary components. For the test walls investigated herein, one strengthening alternative could be to grout the tiles to "push" the failure mode into the FRP rather than the boundary conditions. 
